Introduction
The cyclin-dependent kinase (CDK) inhibitor p21
is an important eector of cell cycle arrest in response to DNA damage (Hartwell and Kastan, 1994) . This response is thought to be achieved through two distinct mechanisms: (i) CDK inhibition (Sherr and Roberts, 1999) ; and (ii) binding to the proliferating cell nuclear antigen (PCNA) Luo et al., 1995; Nakanishi et al., 1995; Fotedar et al., 1996; Chen et al., 1996b) , the co-factor of DNA polymerases d and e (JoÂ nsson and HuÈ bscher, 1997). The latter interaction results in DNA synthesis inhibition (FloresRozas et al., 1994; Waga et al., 1994) by impeding the association of PCNA with DNA polymerase (Podust et al., 1995) , FEN1 (Chen et al., 1996a; Warbrick et al., 1997) , or DNA ligase I (Levin et al., 1997) . Since PCNA is required for nucleotide excision repair (NER), and other DNA repair pathways (Shivji et al., 1992; Nichols and Sancar, 1992; Wood, 1996; Wood and Shivji, 1997) , it was suggested that p21 may inhibit NER in certain conditions in vitro (Pan et al., 1995) , and in electroporated cells (Cooper et al., 1999) . However, other studies reported that NER synthesis is resistant to p21 in vitro (Li et al., 1994; Shivji et al., 1994 Shivji et al., , 1998 and in vivo co-localization and interaction of p21 with PCNA were detected at later times after UV irradiation Savio et al., 1996) . Recently, the cancer cell lines HCT116 (in which p21 gene was deleted by homologous recombination), and DLD1 (p53-de®cient) were found more sensitive to UV, and showed a reduced NER eciency (McDonald et al., 1996; Sheikh et al., 1997) . Expression of wild type p21 protein, or a Cterminal peptide, but not a mutant form lacking the PCNA-binding domain, restored DNA repair in p21 7/7 HCT116 cells (McDonald et al., 1996) , thus implying that p21/PCNA interaction was important for NER. Overexpression of p21 also enhanced DNA repair in BCNU and cis-platin damaged glioblastoma cells (Ruan et al., 1998) . In contrast, DNA repair was minimally aected in p21 7/7 murine ®broblasts, while loss of both gadd45 and p21 genes resulted in an additive eect in NER de®ciency (Smith et al., 2000) . Thus the involvement of p21 in NER is still controversial.
In this study, NER eciency was assessed in human ®broblasts in which p21 gene was deleted by targeted homologous recombination (Brown et al., 1997) . These cells were chosen because of the intrinsically higher repair eciency of human, as compared with rodent cells (Mitchell and Hartman, 1990) . In addition, being derived from normal ®broblasts, they provide a more controlled genetic background than that of p21-de®cient tumor cells (McDonald et al., 1996; Fan et al., 1997) . Loss of p21 was found to induce an increase in UV sensitivity, together with a reduction in NER capacity.
Results

p21
7/7 fibroblasts are more sensitive to UV damage than p21 +/+ parental cells , respectively. Short-term cell viability, as assessed by the Trypan blue dye exclusion test, revealed that at 24 and 48 h after irradiation no signi®cant dierences were observed between the three cell clones, although the p21-null population always showed a lower viability ( Figure  1b) .
Apoptosis induced by UV-C damage is more extensive in p21 7/7 fibroblasts than in parental cells
To explain the lower survival of p21 7/7 ®broblasts after UV-irradiation, the occurrence of apoptotic cell death was investigated, since it was previously reported that p21-null cells were more prone to apoptosis after DNA damage . Following UV-C irradiation, ®broblasts showed clear signs of apoptosis, as evidenced by the typical morphological changes of nuclear chromatin distribution (Figure 2a ). The percentage of adherent cells showing this pattern, was determined at dierent periods of time after irradiation ( Figure 2b) p53 protein levels and cell cycle progression are modulated by UV-C irradiation in p21 7/7 fibroblasts
Since the p53-dependent response to DNA damage is responsible not only for the cell cycle arrest, but also for DNA repair Hanawalt, 1995, 1997) , the modulation of p53 protein, and p21 protein levels, was investigated in the three cell clones. Figure 3a shows the Western blot analysis of p53 and p21 protein levels of samples collected 4, 8 and 24 h after UV-irradiation. An increase in p53 protein levels was observed in all the cell clones after DNA damage. A similar modulation was observed for p21 protein levels in p21 +/+ and in p21 +/7 ®broblasts while, as expected, the protein was not detectable in p21 7/7 cells. Analysis of cell cycle progression showed no signi®cant changes in all the three cell clones at 24 h after UV treatment. However, in this time period, cells did not incorporate BrdU (results not shown). At 48 h, normal ®broblasts showed a typical G1 arrest, while cell cycle distribution of p21 +/7 cells was apparently unmodi®ed. Interestingly, an increase in the number of cells in S and G2+M phases, was observed in p21
®broblasts, suggesting that at 48 h, these cells restarted cycling ( Figure 3b ).
DNA repair efficiency is compromised in p21
7/7 fibroblasts both in the global genome and at the rDNA gene cluster DNA repair eciency was analysed by assessing the removal of cyclobutane pyrimidine dimers (CPDs) with immunoblot assay (Figure 4a Cell cycle analysis of untreated control and UV-irradiated cells, collected 24 and 48 h after irradiation. Cell cycle distribution was determined by¯ow cytometry on samples stained with propidium iodide after UV, while the heterozygous clone showed a CPD repair of about 60%. Interestingly, p21
7/7 cells showed a further marked reduction, being the percentage of CPDs removed at 24 h, only about 34%, i.e. less than half the percentage of CPD repair observed in the parental cells.
DNA repair was also investigated at the gene level, by analysing the removal of CPDs in a 12 kb fragment encompassing the 18S and 5S genes into the rDNA gene cluster (Christians and Hanawalt, 1993) . Figure 5 shows the Southern blot obtained with a 1.8 kb-rDNA probe (18S) in DNA samples mock-treated, or digested with T4 endonuclease V, which speci®cally cleaves at CPD sites. The appearance of a band after 24 h repair in the p21 +/+ , but not in the p21 7/7 samples, indicates that NER was also impaired in this gene region, in p21 7/7 ®broblasts. Quantitative analysis by Poisson distribution of lesions in the 12 kb fragment, indicated that the percentage of repair in the rDNA region was about 50%, both in p21 +/+ , and p21 +/7 cell clones. In contrast, it was signi®cantly reduced in p21 7/7 ®broblasts (Table 1) .
PCNA is recruited to DNA repair sites in p21 7/7 fibroblasts After UV irradiation, PCNA is recruited to DNA repair sites as a detergent-insoluble protein (Toschi and Bravo, 1988) . Thus, the ability of p21 7/7 ®broblasts to recruit PCNA to NER sites, was analysed by Western blot and by¯ow cytometry. Figure 6a shows that already at 30 min post-irradiation, an increase in the amount of detergent-insoluble PCNA was observed in each cell clone. The cell cycle distribution showed that in unirradiated control cells, the insoluble form of PCNA was present exclusively during S phase, while after UV-C irradiation, PCNA was immediately recruited to repair sites in G1 and in G2 phases (Figure 6b ). The immuno¯uorescence intensity measured in G1 phase was used to calculate the ratio of the +/7 and p21 7/7 human ®broblasts after exposure to UV-C radiation (10 J/m 2 ). Cells were collected immediately after irradiation (time 0), or after the indicated periods of time (h). DNA samples were treated (+) or mock-treated (7) with T4 endonuclease V (endo V) cleaving speci®cally at CPDs. DNA was hybridised with a 1.8 kb probe speci®c for the 18S gene located in the 12 kb fragment obtained after PvuII restriction. M denotes marker position of 9.2 kb Percentage of DNA repair was evaluated by densitometry of T4 endo+ and T4 endo7 samples, and calculating the relative frequency of dimers/12 kb fragment, as described in Materials and methods increase in treated vs the untreated control samples. Quantitative analysis showed that the amount of PCNA recruited to NER sites at 30 min postirradiation, was not signi®cantly dierent for the three cell clones (Figure 6c) , and occurred to a comparable extent in the range 5 ± 20 J/m 2 (results not shown). The kinetics of PCNA recruitment was also investigated up to 24 h after irradiation, and quantitation of PCNA immuno¯uorescence in G1 phase for each cell clone, is reported in Figure 7a . In p21 +/+ ®broblasts, the initial ®vefold increase in insoluble PCNA, was gradually reduced to about half, at 24 h. A similar time course was observed in p21 +/7 cells, while in p21 7/7 ®broblasts, the amount of insoluble PCNA measured at 24 h was similar to that measured at 30 min after UV irradiation (Figure 7b ).
Discussion
The results of this study indicate that human ®broblasts carrying deletion of the p21 waf1/cip1 gene are more sensitive to UV-C irradiation, and show a reduced NER, as compared to parental cells. Lack of p21 waf1/cip1 gene expression in tumor cells was previously reported to increase the sensitivity to DNA damaging agents (McDonald et al., 1996; Fan et al., 1997; Sheikh et al., 1997) , and the proneness to apoptosis . The apoptotic response of p21 7/7 ®broblasts after UV irradiation, is in agreement with these reports, and those suggesting a protective role of p21 from apoptosis (Bissonnette and Hunting, 1998; McKay et al., 1998; Ruan et al., 1999) .
Analysis of NER eciency showed that p21
®broblasts repaired CPDs with a markedly reduced rate, as compared to p21 +/+ and p21 +/7 cells. Inecient lesion removal was found both in the whole genome, and at the level of a 12 kb region encompassing both 18S and 5S genes in the rDNA gene cluster. DNA repair in this region was previously reported to be relatively inecient and slower than in other actively transcribed genes, such as the DHFR gene, suggesting that repair of rDNA was accomplished by the global genome repair (GGR), rather than the transcription-coupled repair (TCR) pathway (Christians and Hanawalt, 1993; Fritz et al., 1996) . However, even if not related to TCR, the absence of signi®cant repair in the rDNA region, further demonstrate the impairment of NER in p21 7/7 ®broblasts. NER de®ciency was previously observed in p53-de®cient, or p53-mutant cell lines in which only GGR, but not the TCR pathway, was signi®cantly aected Hanawalt, 1995, 1997; Ford et al., 1998; Therrien et al., 1999; Zhu et al., 2000) . This de®ciency was attributed to a reduction in p53-dependent transcription of p48, a factor required for NER and mutated in xeroderma pigmentosum (XP) group E cells (Hwang et al., 1999) . In p21 7/7 ®broblasts, the p53 response appeared to be normal, at least as assessed by p53 protein levels, suggesting a reduction in p48 expression unlikely. The possibility that NER defect was related to the absence of G1 arrest, appears also unlikely because a p21-mutant form lacking the PCNA interaction domain, de®cient in DNA repair (McDonald et al., 1996) , suppressed cell growth (Prabhu et al., 1996) .
In addition, recruitment of PCNA to DNA repair sites in p21-null ®broblasts occurred eciently, and to an extent comparable to that observed in normal and heterozygous ®broblasts. UV-induced PCNA immunostaining depends on the initial steps of recognition and DNA incisions of NER, being signi®cantly reduced in XPA and XPG cells (Miura et al., 1992; Aboussekra and Wood, 1995) . Thus, our results suggest that p21 is not involved in the early steps of NER, nor is required for PCNA recruitment. Colocalization and interaction of p21 with PCNA Savio et al., 1996) were described at later times after DNA damage, thus suggesting that p21 was required for late events in the NER process (Prosperi, 1997) . It was previously reported that p21 could disrupt the trimeric structure of PCNA after UV damage (Chen et al., 1995) . Accordingly, p21 accumulation occurred concomitantly with the reduction in PCNA immunostaining at repair sites (Savio et al., 1996) . If p21 is required for disassembly and/or recycling of PCNA to complete repair events with other partners (Cox, 1997) , then absence of p21 protein will result in the maintenance of high PCNA levels at repair sites, as actually was observed in p21 7/7 ®broblasts. After DNA synthesis, PCNA is involved in subsequent steps, such as DNA ligation (Levin et al., 1997) , methylation (Chuang et al., 1997) , and chromatin assembly (Shibahara and Stillman, 1999) . Recycling of PCNA after DNA repair synthesis, might be slowed down in p21 7/7 cells, ultimately resulting in an accumulation of unrepaired lesions. The evidence that PCNA interaction with DNA ligase I inhibits DNA polymerase d (Mossi et al., 1998) , supports this hypothesis. In conclusion, the results of this study indicate that p21 is required for NER in human cells, and suggest that this function is located downstream the recruitment of PCNA to DNA repair sites, possibly involved in PCNA recycling for late repair events.
Materials and methods
Cell lines
Normal human lung embryonic ®broblasts (LF-1 strain), and the p21 7/7 (HO 7.2-1) and p21 +/7 (HE) subclones obtained by targeted homologous recombination (Brown et al., 1997) , were kindly provided by Prof J Sedivy (Brown University, Providence, RI, USA). The two subclones were obtained at passage 3 and 5 after clonal selection, respectively. Cells in petri dishes were grown in Ham F-10 medium (Gibco), as described (Brown et al., 1997) . Cells in exponential growth were irradiated with a TUV lamp (Philips) at a¯uence rate of 0.5 J/m 2 /s at 254 nm, as measured by a DRC-100X radio- , and p21 7/7 cells, respectively, to compensate for the plating eciency of each clone. Irradiated cells were grown for 7 ± 14 days to obtain colonies with at least 50 cells. Colonies were stained with crystal violet, and counted. Short-term viability was determined by the Trypan blue dye exclusion test.
Determination of apoptosis
To assess morphological changes typical of apoptosis (Ford and Hanawalt, 1995) , cells on coverslips were UV-irradiated (10 J/m 2 ), and incubated for 8 ± 24 h. Coverslips were ®xed in ice-cold 70% ethanol, stained with Hoechst 33258 dye (0.5 mg/ml), and examined by¯uorescence microscopy. At least 800 cells were scored for each slide.
Western blot analysis of p53 and p21 proteins
For Western blot analysis of p53 and p21 protein, equal number of cells were directly dissolved in SDS-electrophoresis loading buer, or sonicated in lysis buer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% Nonidet P-40, 1 mM EDTA, 1 mM PMSF, 0.2 mM Na 3 VO 4 , 25 mg/ml each leupeptin and aprotinin). Fifty or 70 mg total proteins were analysed by 10 or 15% polyacrylamide gel electrophoresis (PAGE), for p53 or p21, respectively. Proteins were transferred to nitrocellulose membranes, and probed with antibody to p53 (clone DO7, Dako), or to p21, (clone EA10, Oncogene Calbiochem). Detection was performed with horseradish peroxidase (HRP)-conjugated secondary antibody (Sigma), and ECL system (Amersham).
Determination of PCNA recruitment to repair sites
Detection of the detergent-insoluble form of PCNA was performed by immuno¯uorescence (Prosperi et al., 1993) or by Western blot (Savio et al., 1996) . Brie¯y, after lysis in detergent-hypotonic buer (10 mM Tris-HCl, pH 7.4, 2.5 mM MgCl 2 , 0.5% Nonidet P-40, 1 mM PMSF, 0.2 mM Na 3 VO 4 , 25 mg/ml each leupeptin and aprotinin), cells were ®xed in 70% ethanol for cytometric analysis. PCNA was immunostained with PC10 monoclonal antibody (Dako), followed by FITC-conjugated secondary antibody. DNA was stained with propidium iodide in PBS containing RNAse A (Sigma). Cell uorescence was analysed with an Epics XL¯ow cytometer (Coulter Corp.).
For Western blot analysis, lysed cells were incubated with DNAse I to release the DNA-bound form of PCNA (Savio et al., 1996) . Each soluble and DNAse-released fraction was mixed with SDS-loading buer, and analysed by SDS ± PAGE and blotting, as described above. PCNA was detected with PC10 antibody, followed by a secondary HRPconjugated antibody and ECL system.
Analysis of global genome repair
Global genome NER was determined by immunoblot assay of CPD removal from DNA (Ford and Hanawalt, 1997) . DNA was extracted by phenol-chloroform method, and quanti®ed by spectrophotometry. DNA was denatured and about 0.5 mg/sample was blotted in triplicate on nitrocellulose, with a minifold apparatus (Schleir & Schuell). Membranes were ®xed by heating, blocked with 5% milk, and incubated with H3 monoclonal antibody speci®c for CPDs (Vink et al., 1994) , followed by a biotin-conjugated antibody (Sigma) and then streptavidin-HRP. Reactive bands were visualized with the ECL system and densitometric analysis performed with NIH Image analysis 1.6 software. The results were corrected for DNA loading.
Analysis of gene-specific DNA repair
Gene-speci®c repair was examined within a 12 Kb pair PvuII restriction fragment in the human rDNA gene cluster encompassing the 18S and 5S genes. Cells were irradiated (10 J/m 2 ), harvested and immediately frozen to 7808C, or incubated for further 8 and 24 h to allow repair. No density labeling to separate parental from newly replicated DNA was necessary (Van Sloun et al., 1999) , as in all the cell clones, DNA replication was not signi®cant (as assessed by BrdU incorporation) in this repair period. For each sample, 20 mg of DNA in 10 mM Tris-HCl, 1 mM EDTA (pH 8.0), were divided in two aliquots, equilibrated in restriction buer, and digested overnight with 50 units PvuII (Roche). After restriction, one aliquot was incubated with 20 units of T4 V endonuclease (Worthington) (T4+), and the other in buer alone (T47). Samples were denatured in alkaline loading buer (300 mM NaOH, 6 mM EDTA, 18% Ficoll and 0.15% bromocresol green), loaded on 0.4% alkaline agarose gel (50 mM NaOH, 1 mM EDTA), and electrophoresed for 16 ± 20 h at 30 V (Bohr and Okumoto, 1988) . After washing and neutralization, the samples were transferred to Z-probe GT membranes (Bio-Rad) and hybridized with a 1.8 kb probe for the 18S rDNA, prepared by PCR and digoxigen labeling (Roche). Prehybridization and overnight hybridization were carried out at 688C. Probe binding was detected by antidigoxigenin antibody conjugated with alkaline phosphatase, and color reaction developed with NBT and BCIP substrates. The 12 kb band intensities of T4+ and T47 samples were analysed by densitometry, and the ratio T4+/T47 was used to calculate the average number of CPDs (T4 endo-sensitive sites) per fragment, using the Poisson distribution (Bohr and Okumoto, 1988) .
